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I. INTRODKTION 

The heat sources i n  t h e  atmosphere a re  
primarily due t o  l a t e n t  heat re lease  within deep 
cumulus clouds and, therefore ,  they a re  not only 
t h e  cause of the  motion but a consequence of t he  
motion as well. Understanding the  nature of t h i s  
coupling is c ruc ia l  i n  parameterizing cumulus 
clouds, i n  which we attempt t o  quant i ta t ive ly  for -  
mulate the  co l l ec t ive  e f f e c t s  of subgrid-scale 
cumulus clouds i n  terms of the  prognostic varia- 
b les  of resolvable scale. 

While concentrating on t h e  thermodynamical 
aspects of parameterizing deep cumulus clouds, 
Arakawa and Chen (1987) noted t h a t  the closure 
assumptions i n  the  ex is t ing  schemes a re  some com- 
binations of the four types given below. 

Type I: Constraint  on the  coupling of n e t  warm- 
ing and peJ moistening by assuming the  
existence of equilibrium s t a t e s .  
Constraint  on the  coupling of Qi (appar- 
ent heat source) and 9 (apparent mis- 
tu re  s ink)  through a cumulus ensemble 
=del . 
f lux  with the  large-scale ve r t i ca l  mass 
f lux  a t  cloud base and/or the  surface 
turbulent f luxes.  
Constraints d i r e c t l y  on the  coupling of 

and 02 with advective (and boundary- 
layer )  processes. 

Type 11: 

Type 111: Constraint on the  coupling of cloud mass 

Type I V :  

I n  the Arakawa-Schubert scheme (Arakava and 
Schubert, 1974), t he  type I closure is the  equi- 
librium of cloud work function. A ( X ) .  Here X is 
the  f r ac t iona l  r a t e  of entrainment, which is w e d  
as a parameter t o  iden t i fy  cloud type, and A ( \ )  is 
the  work done by the  buoyancy force per unit  mass 
f lux  a t  cloud base. Following Arakawa and S c h u b e r t  
(1974), we can express the  cloud work function as 

B+ Z B Z 

(1) 

where zR and ; (X I  are the  heights of cloud base 
and cloud top ,  q is the  mixing r a t i o  of water va- 
por, h is the  mist s t a t i c  energy given by 
CPT + gz + Lq, q* is the sa tu ra t ion  value of q, h* 

is t h e  sa tu ra t ion  &st s t a t i c  energy given by 
cpT + gz + Lq* X )  is the  cloud mass f lux  
normalized a t  base, which s a t i s f i e s  
aq(z,X)/az = Xq(z,X).  the  subscr ip ts  S and B+ 
denote an a r b i t r a r y  leve l  within t h e  subcloud 
mixed layer ar.d a l eve l  s l i g h t l y  above the  mixed 
layer ,  respec t ive ly ,  p E g/cpT(l + y ) ,  and Y 
(L/cp)(aq*/aT) . It should be noted t h a t  t he  type 
I closure i n  phis  scheme gives a cons t ra in t  only 
on t he  coupling of t he  temperature and hrnridity 
p ro f i l e s .  

The cloud work function f o r  t he  deepest 
clouds, fo r  which X = 0 and q(z,X) = 1, becomes 

\ 

Here is the  height of t h e  deepest cloud top. 
Since%h*/az = 4 1  + y)(r - rm), wherefm is t h e  
moist-adiabatic lapse r a t e ,  and qs - qs = -(l - 
&)q*, where RHs is the  r e l a t i v e  humidity a t  
leve l  S, t he  e q u i l i b r i m  aA(O)/a t  = 0 means t h a t  
fo r  a f ixed  Ts, channes & !?& r - r, are 
negatively cor re la ted  if deep C W l w  clouds 
exist. 

The type I1 closure i n  t h e  Arakawa-Schubert 
scheme is impl ic i t  i n  the  use of a cumulus ensem- 
b le  model, i n  which both Q1 and 92 are expressed 
i n  term of a s ing le  one-dimensional var iab le  
l f ~ ( k ) ,  the  cloud-base mass flux. Those expressions 
a re  

poi = -DLP + %as/az , (3) 

Here 2(z) is t h e  l i qu id  water mixing r a t i o  of t he  
cloud a i r  t h a t  arc detraining at l eve l  z; D ( z )  is 
the  mass detrainment from clouds per uni t  height 
at l eve l  z, given by 

A A A  

D(z) = -%(X)q(z,X)dX/dz ; . ( 5 )  

h ( X ) d X  is the  cloud-base -8 flux-due t o  clouda 
whose f r ac t iona l  r a t e  of entrainment is between 
X and X + dX; f ( z )  is X of the  clouds detraining 
a t  l eve l  2; and %(z) is the t o t a l  cloud mass f lux  
a t  l eve l  z, given by 

( 6 )  

,There X, is the  uutimm value of X. The t e r n  
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involving For t h e  
drying of t he  environment through cloud-induced GATE da t a se t ,  01 - OR is used as 01 i n  (9 ) .  These 
subeidence. Subs t i tu t ing  (SI and (6)  in to  ( 3 )  p lo t s  show t h a t  61 = 62 is a good f i r s t  approxima- 
and (4 )  and eliminating Hg(X), we obta in  in t eg ra l  t ion .  I n  view of (8). t h i s  suggests t h a t  subsid- 
r e l a t i o n s  t h a t  couple 01 and 02. The r e l a t ions  ence between clouds is primarily responsible f o r  
may be formally wr i t ten  88 01 and Q2. 

llc i n  ( 3 )  and (4 )  represent warming and and t h e  overbar denotes the  tire average. 

L(q-q') 

f~ ( F ( z . z * ) o I ( z ~ )  + G(z,z ' )o  ( z ' ) ) d z t  = o ( 7 )  2 
Z 

f o r  a l l  z < zT. For a layer  i n  which t h e  detrain- 
ment e f f e c t s  a r e  ne l ig ib l e ,  ( 7 )  can be g rea t ly  
simplified.  Dropping the  detrainment terms and 
eliminating Hc between (3) and (41, we ob ta in  

ol/(as/az) - 02/(-Laq/az) = o (8 )  

2. PRELIHINARY RESULTS WITH ukl VERTICAL 
RESOLWION 

I n  the  paper Arakawa and Chen (1987). we 
emphasized t h a t  observations should be used more 
extensively than i n  the  pas t  t o  d i r e c t l y  ve r i fy  
and improve closure assumptions and t o  assess the  
l i m i t  of parameterizabili ty.  The paper presented 
preliminary r e s u l t s  from an ana lys i s  of the  
macroscopic behavior of moist convection, which 
a re  e-rized below. 

The ana lys i s  was divided i n t o  tvo  catego- 
ries. To study type I c losure ,  we analyzed a 
number of v e r t i c a l  p r o f i l e s  of temperature and 
humidity t o  f i n d  statist ical  cons t r a in t s  on t h e i r  
coupling under the  existence of mist convection 
(type I coupling). To study type  I1 c losure ,  we 
analyzed a number of v e r t i c a l  p r o f i l e s  of 01 and 

,%, which were obtained as r e s idua l s  i n  the  ob- 
served budgets, t o  f ind  statist ical  cons t r a in t s  
on t h e i r  coupling (type I1 coupling).  One of the  
pr inc ipa l  da t a se t s  we used is t h e  3-hourly "GATE 
dataset",  which is a subset o f  t he  gridded da ta  
for E. 8 and q analyzed by Ooyama, Esbensen and 
Chu (see Esbensen and Ooyama. 1983). To obta in  
01 - OR, where Q is the  r a d i a t i v e  heating rate, 
the  gridded d a t a  f o r  given by Cox and G r i f f i t h  
(1979) were Fed .  Another p r inc ipa l  da tase t  w e  
used is t h e  12-hourly "Asian dataset", which is 
a subset of t h e  gridded da ta se t  analyzed by He g& 
al. (1987) over his f o r  t he  period a f  April  16 
through Ju ly  4, 1979. The subse t  cons i s t s  of 
data a t  10 g r i d  points over India and 14 g r i d  
poin ts  over eas te rn  Asia mostly over China. No 
correc t ion  of 01 by 

Before making a de ta i l ed  s t a t i s t i c a l  anal- 
y s i s ,  we performed a "quick-look'' ana lys i s  of the  
two datase ts .  To see type I coupling, we p lo t t ed  
rN V s .  Q, where is a normalized lapse r a t e  
given by (r - r&) / t rd  - r e ) ,  r is the  mean 
lapse between t h e  sur face  and SO0 mb, is the  
mis t - ad iaba t i c  lapse r a t e  a t  t h e  sur face  and rd 
is the  dry-adiabatic lapse rate. A s t r ik ing  fea- 
t u r e  of these  p l o t s  is t h e  c lus t e r ing  of the 
poin ts  around the  cloud work function equilibrium 
curve f o r  deep clouds, showing a high negative 
co r re l a t ion  between r, and &. As anticipated.  
t he  s c a t t e r  of the  points a r e  l e s s  i n  the  p lo t s  
f o r  p rec ip i t a t ing  cases. To see type 11 coupling, 
we p lo t t ed  61 vs.  62 fo r  each layer  i n  the  ver t i -  
cal, where 

was made f o r  t h i s  da tase t .  

A 

0, z ol(-Laq/az)/(ai/az)(-La~/az) , 

o2 I 02(aS/aZ)/(aH/az)(-Laq/az) , 
c. (9) 

Encouraged by the  r e s u l t s  of the  "quick- 
look" ana lys i s ,  we studied the  coupling between 
two var iab les  i n  more d e t a i l .  The method w e  have 
chosen is the  canonical cor re la t ion  ana lys i s  ( s e e ,  
fo r  example, Cooley and Lohnes, 1971). In our 
appl ica t ion  of t h i s  ana lys i s ,  we consider a pa i r  
of two var iab les ,  X and Y ,  and t r e a t  t h e i r  ve r t i -  
c a l  p r o f i l e s  as vectors ,X and 1. Given a s t a t i s -  
t i c a l  sample of observed ,X and x, we f i r s t  remove 
the  respec t ive  sample mean from each vector.  We 
then consider l i n e a r  transformations from E t o  g' 
and from ,Y t o  ,Y'. The transformations are chosen 
i n  such a way, tha: each, pa i r  of t h e  t r a n s f o m d  
components, ( X i ,  Y 1 ) .  ( X z ,  Y i ) ,  ... has ( l o c a l l y )  
maximum cor re l a t ion  f o r  t he  given sample. The 
(orthogonal) transformed components obtained i n  
t h i s  way are  t h e  canonical components of 5 and x. 
By examining the  co r re l a t ion  and associated var- 
iances f o r  each p a i r  of t he  canonical components, 
we determine how s t rongly  the  v e r t i c l e  p r o f i l e s  
of X and Y a r e  coupled. 
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the  sur face ,  a s  i n  the  f igure ,  t h a t  of -ah*/& is 
negative ( r e l a t i v e l y  s t a b l e )  f o r  t he  layer above. 
This is consistent with the  r e s u l t  of the  "quick- 
100k" analysis.  In cont ras t  t o  t he  f i r s t  compo- 
nent, t he  second component has a f i n e r  ve r t i ca l  
s t ruc tu re  fo r  both -ah*/az and L(q - q*). Since 
components 1 and 2 have no cor re la t ions ,  the  struc- 
t u r e s  of components 1 and 2 can be e i t h e r  positive- 
l y  superposed o r  negatively superposed. When posi- 
t i v e l y  superposed, the  v e r t i c a l  s t ruc tu res  are 
more confined near the  surface f o r  both -ah*/az 
and L(q - q*) than the case of component I alone; 
t he  opposite is t rue  when negatively superposed. 

Canonical function 

Fig. 2. 
-( ah*/az 1 

"C 

Vert ica l  s t ruc tu re  of t h e  deviations of 
x 2 kp ( s o l l d  l i n e s )  and L(q - q*) 

(dashed l i n e s )  from the  sample mean due t o  one 
standard deviation of each component. 

T W  IL C O U D l i w  

For the  GATE datase t ,  Qi - and 92 were 
chosen as X and Y .  The co r re l a t ion  coef f ic ien ts  
are 0.947 f o r  the f i r s t  component, 0.736 f o r  the 
second component, and 0.651 fo r  t h e  t h i r d  compo- 
nent. For the  Asian da tase t ,  % and % are chosen 
as x and Y .  The cor re la t ion  coe f f i c i en t s  a r e  0.845 
f o r  t he  first component, 0.324 f o r  the  second 
component, and 0.095 fo r  the  t h i r d  component. I t  
is not c l e a r  whether t he  lower cor re la t ions  fo r  
t h e  Asian dataset  a re  due t o  poor da ta  qua l i ty ,  
including e r r o r s  i n  computed a, or due t o  t h e  use 
of (?I ins tead  of Ql - on, or due t o  differences 
i n  physical  s i t ua t ion  between the  two regions. 

Figures 3 and 4 present the  accumulated 
variances fo r  the GATE and Asian da tase ts ,  respec- 
t i v e l y .  Although it  is not as s t r i k i n g  as  for the  
type I coupling, we see from these  f igures  tha t  
l a rge  t o t a l  variances a re  mainly due t o  the  h i g h l y  
co r re l a t ed  components. 

GATE 

Q2 

Flg.  3. Accumulated variances of 01 - and 92 
f o r  the GATE da tase t .  The s o l i d ,  darkly-stippled 
and l ightly-stippled bars  represent contributions 
from components 1, 2, and 3 respectively.  The 
uni t  f o r  Q1 - and 42 is equivalent t o  OC day-1 
when divided by cp. 
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Fig. 4. Same as Fig. 3 but f o r  01 and 92 f o r  t h e  
Asian da tase t .  

Figure S presents the  v e i t i c a l  s t r u c t u r e  
of the  devia t ions  from the sample mean due t o  
each component. We can in t e rp re t  d i f f e ren t  super- 
pos i t ions  of these  components as d i f f e ren t  re- 
gimes of mist-convective processes. We note 
t h a t ,  i n  s p i t e  of the  d i f fe rences  i n  co r re l a t ion  
coe f f i c i en t s ,  t he  v e r t i c a l  s t ruc tu res  f o r  each 
component a re  very similar between the  two data- 
s e t s .  Generally t h e  m a x i m a  and minima fo r  t h e  
Asian da ta se t  appear at higher leve ls  than for t he  
GATE da tase t .  This is presumably due t o  genera l ly  
higher cloud b e e  for t he  Asian dataset. 

3. RESULTS WITH HIGH VERTICAL REXLmION 

We are continuing the  canonical co r re l a t ion  
ana lys i s  f o r  type I and type I1 coupling. but 
using t h e  da ta  with higher v e r t i c a l  resolution. 
The da tase t  we a re  now using fo r  type I coupling 
is the  VItlHEX datase t  (see Bette and Hiller, 1975) 
fo r  a s ing le  s t a t i o n  i n  north-central Venezuela 
fo r  the  period of 22 Hay through 6 September, 1971. 
The v e r t i c a l  reso lu t ion  of 25 mb is used fo r  t h e  
ana lys i s ,  although the  in t e rva l  100 mb i n  wed f o r  
ca lcu la t ing  ah*/az. The da tase t  we are w i n g  f o r  
type I1 coupling is the  GATE dataset with the  orig- 
i na l  v e r t i c a l  reso lu t ion  used by Ooyaur, Esbensen 
and Chu. 

42 



? 

Canonical function 

Fig. 5. Vertical s t ruc tu re  of Qi - QR or Q1 
( s o l i d  l ines)  and 9 (dashed l i n e s )  from the  saw 
p le  mean due t o  one standard deviation of each 
component. Lef t  and r i g h t  panels a r e  fo r  t he  GATE 
and Asian datasets, respectively.  

The co r re l a t ion  coe f f i c i en t s  f o r  t he  type I 
coupling with the  V I H I E X  da tase t  a re  0-.980 for the 
first component, 0.766 f o r  t he  second component 
and 0.665 f o r  the  t h i r d  component. We have found 
t h a t  most of the  variances a re  due t o  these three  
components. This ind ica tes  t h a t  the  type I cou- 
pling is s t rong  a l so  f o r  t h i s  da tase t .  The ver t i -  
cal s t r u c t u r e s  due t o  the  f i r s t  and second compo- 
nents a re  s imi l a r  t o  those shown i n  Fig. 2, al- 
though the  v e r t i c a l  extent of t he  f i r s t  component 
is shallower f o r  t h i s  da tase t .  

The co r re l a t ion  coe f f i c i en t s  f o r  the  type 
I1 coupling f o r  a i 0  x 10 g r i d  box with t h e  hlgh- 
reso lu t ion  GATE da tase t  a re  0.928 f o r  t he  f i r s t  
component, 0.747 f o r  t he  second component and 
0.484 f o r  t h e  t h i r d  component. Figure 6 presents 
t h e  accumulated variances showing t h a t  t he  large 
t o t a l  variances a re  mainly due t o  these components. 
Figure 7 presents  the  v e r t i c a l  s t ruc tu res  of the  
devia t ions  from the  time mean due t o  each of the  
first and second components. These s t ruc tu res  a re  
Similar t o  those shown i n  Fig. 5 except t ha t  the  
devia t ion  of Q2 due t o  the  second component is 
l a rge r  a t  lower leve ls .  We are cur ren t ly  analyz- 
ing the  time sequences of these  components and 
In te rpre t ing  the  r e s u l t  i n  view of t he  processes 
t h a t  are responsible fo r  % and %. 

Fig. 6. Same as Fig. 3 but with the  high-resolu- 
t i o n  GATE dataset. The dashed l i n e s  show t h e  
t o t a l  variance. 

Fig. 7. Same as Fig. 5 but fo r  t he  f i r s t  and sec- 
ond components with the high-resolution GATE data- 
s e t  - 
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